Introduction
The source of reactive bromine in the stratosphere is from a variety of organic bromine-containing trace gases with both natural and anthropogenic origins. The mixing ratios of organic bromine-containing source gases entering the stratosphere have been measured directly from whole air samples [Fabian et describe the theory of trace gas correlations [Plumb and Ko, 1992; Hall and Prather, 1995; Plumb, 1996] .
In this paper we present a comprehensive suite of measurements of brominated organic compounds in the upper troposphere and lower stratosphere from the NASA Stratospheric Tracers of Atmospheric Transport (STRAT) Campaign in January/February, July/August, and December 1996 and in the mid-lower troposphere from the 1996 August/September NASA Global Tropospheric Experiment (GTE) Pacific Exploratory Mission-Tropics (PEM Tropics) Campaign. The comprehensive nature of this paper requires extensive use of figures to adequately represent the measurements discussed. For the individual species and total organic bromine we discuss the upper tropospheric mixing ratios from the three STRAT deployments by latitude regions and then compare the tropospheric mixing ratios from the July/August STRAT deployment with the PEM Tropics values. Then we show vertical profiles in the tropics and midlatitudes from the two campaigns. We also compare the January/February STRAT measurements with the July/August STRAT measurements. In the total organic bromine section, we discuss vertical contributions of the individual species to total organic bromine from the STRAT measurements. Finally, we calculate the fractional dissociation of each major species relative to CC13F and use this value to calculate the respective ODPs.
Background Information on Brominated Organic Compounds in the Atmosphere
The halons currently represent -38% of the organic bromine at the tropical tropopause [Schauffier et al., 1998 ]. The halons have anthropogenic sources and are used primarily as fire extinguishers. Halon surface measurements demonstrate increasing mixing ratios over the last decade [Butler et al., 1998 ]. The CBrC1F 2 growth rate has been relatively constant while that of CBrF 3 has decreased over the last few years. CBrF2CBrF 2 showed a small increase in mixing ratios in recent years. Table 1 includes the global average halon surface mixing ratios at the end of 1996, the atmospheric lifetimes, and the ODPs. The relatively high ODPs of the halons led to the prohibition of their manufacture in developed countries as of January 1994, with continued production in developing countries until the year 2002, when production will be frozen at [1995] [1996] [1997] Evaluation of temporal trends in mixing ratios is not possible at this time due to the lack of sufficient data. Average tropospheric mixing ratios, lifetimes, and ODPs of the short-lived organic bromine compounds are found in Table l UCI analytical system, standards, and calibrations have been previously reported [Blake et al., 1992 [Blake et al., , 1994 [Blake et al., , 1996 . Mixing ratios for the NCAR samples were calculated based on secondary standards of remote continental tropospheric air collected at Niwot Ridge, Colorado, in September 1993. The secondary standards were calibrated against primary standards prepared in this laboratory from pure compounds and from dilutions of commercially prepared multicomponent standards. The secondary standards were run periodically against each other during the STRAT sampling period to check for drift of individual components over time. Drift was noted for CH3Br (-0.5 ppt/yr in 1996) in one of the cylinders and was taken into account in calculations of the mixing ratios. Primary standards prepared in this laboratory were of the order of 50 ppb for CBrC1F2 and 50 ppb to 10 ppt for CBrF 3. The manufacturercertified multicomponent primary standard used for CH3Br calibration was 18 ppb. The multicomponent standards used for CBrF2CBrF2, CH2Br2, CHBr 3, CH2BrC1, CHBrC12, and CHBr2C1 were not certified and were nominally listed as 100 ppb. These standards were calibrated in this laboratory using gas chromatography with atomic emission detection (GC/AED) based on carbon and halogen responses relative to National Institute of Standards and Technology (NIST) certified standards. The operating principle of the AED is that molecules eluting from the chromatographic column are excited to their constituent atomic species in a plasma and the specific atomic emission of the individual elements is detected with a diode array spectrometer. The response to the elemental atomic emission is independent of the molecular source of the constituent atom and is proportional to the number of atoms in the molecule. Table 2 .
Also listed in Table 2 are the total uncertainties for each compound. These values were calculated by taking the square root of the sum of the, squares of the percent uncertainties in standard preparation or dilution, the standard deviation in percent for repeated runs of the standards and samples, the standard deviation in percent for analysis of multiple canisters, and the standard deviation in percent of the standard mixing ratios. The precision from multiple canisters also provided indirect information on the stability of a given trace gas in the canisters. Generally, compounds with low or inconsistent stability in the canisters exhibited significant variability and low mixing ratios relative to previously measured values. The halons and CH3Br showed excellent reproducibility in multiple canisters ( Table 2 ). The remaining gases showed higher variability in the multiple canisters; however, the magnitude of the variability was consistent with the total uncertainties for each gas. Higher uncertainties are not unusual for short-lived compounds at subppt levels. The tropospheric mixing ratios of the short-lived species were all within the range of previous measurements as discussed below. An additional indication of canister stability was obtained from the few ER-2 canisters that were reanalyzed. Six samples collected during STRAT were reanalyzed 1-4 weeks after the initial analysis and showed variability consistent with the values presented in Table 2 . Adequate stability of the trace gases in the UCI canisters was also indicated by direct comparison of measurements from both groups on the same canisters during PEM Tropics. As mentioned above, the UCI and Table 4 shows the comparison of the July STRAT measurements with those of PEM Tropics for the three latitude groups. Sections 4.1-4.5 discuss the results for each compound and for total organic bromine.
Halons 1301, 2402, and 1211
The mean CBrF3 and CBrF2CBrF 2 mixing ratios for all STRAT troposphere samples were 2.30:e0.18 ppt and 0.45:e0.02 ppt (Table 3a) . These values were consistent with surface measurements from Butler et al. [1998] 
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All represents the averages over the three sampling periods by latitude group. All troposphere samples and contribution to total organic bromine represent the averages over the three latitude groups by sampling period. The total organic bromine values are averages of the total organic bromine in samples from each group. The total organic values in parentheses are the sum of the averages presented in the table of individual species. ha, not available; units are ppt. Table 3b contains sample numbers, altitude averages, and altitude ranges for the three latitude groups. (Table 4) . These samples were primarily from a single flight, which showed slightly smaller mixing ratios of a number of the chlorinated organic species.
The mean CBrC1F: mixing ratio for all STRAT December troposphere samples was 3.57+0.09 ppt (Table 3a) As with all brominated organic compounds, the mixing ratios at the tropical tropopause determine the amount of bromine from these source gases entering the stratosphere. For species such as CBrC1F 2, which have increasing mixing ratios in the troposphere, the relationship between mixing ratios measured in the stratosphere at a given time and the amount of bromine released after entry into the stratosphere is dependent on the mixing ratio when the air parcel crossed the tropical tropopause. The Although the potential error from these considerations in calculating the entry mixing ratio of CBrC1F 2 from age of air determinations is relatively small (<0.2 ppt bromine), it may be important for other halogenated compounds with relatively large tropospheric growth rates and latitudinal gradients.
Methyl Bromide
The tropospheric mixing ratios of CH3Br showed a distinct latitudinal gradient during all three sampling periods of STRAT and during PEM Tropics (Tables 3 and 4 The July mixing ratios of CH3Br at 20 km in the tropics and midlatitudes were smaller by -40% and -70%, respectively relative to the tropopause values (Figures 3d and 3h) . The January mixing ratios in the tropics and midlatitudes were smaller by -30% and -80%, respectively, relative to the tropopause values. The tropical gradients were larger than the gradient reported by Lal et al. [ 1994] from balloon samples at 17.5øN in 1990 but were equivalent to the gradient reported by Kourtidis et al. [1998] from balloon samples collected 3 years earlier at the same location. The observed gradients above the tropopause in this study imply a stratospheric loss with altitude somewhat smaller than CBrF2CBrF 2 and CBrC1F 2 but not as low as CBrF 3. This is consistent with a stratospheric lifetime longer than CBrF2CBrF 2 and CBrC1F2 and shorter than CBrF 3.
Short-Lived Brominated Organic Compounds
The short-lived brominated organic compounds, CH2Br2, CHBr 3, CHBr2C1, and CHBrC12, measured during PEM Tropics all showed a larger range of mixing ratios in the tropics relative to higher latitudes in either hemisphere (Figure 2e-2h) . Interestingly, CH2Br 2 mixing ratios were somewhat la,'ger in the Southern Hemisphere than the Northern Hemisphere (Figure 2e) , although the standard deviations of the means were not significantly different. The higher mixing ratios in the tropics were from samples collected below 2 km (Figures 3i-3j and  Figures 6a-6d) . Quantitatively, the mean tropical values for altitudes <2 km were larger with larger standard deviations than those for altitudes >2 km (Table 4) The STRAT upper troposphere measurements of these species were lowest in the tropics relative to the midlatitudes (Table 3 ). In addition, the tropical STRAT values were substantially less than the >2 km averages from PEM Tropics. Both these observations were presumably due to the higher tropopause altitudes in the tropics, resulting in a greater degree of loss of these species. In the 21-24øN and 36-41øN regions, with the exception of CH2Br2, the STRAT mixing ratios were 40-70% smaller than the PEM Tropics values (Table 3) . These measurements indicate significant vertical gradients in both the tropics and midlatitudes. The STRAT CH2Br 2 values were comparable to those measured during PEM Tropics (Table 4 Above the tropopause, mixing ratios of both CHBr 3 and CHBr2C1 decreased to zero by 18 km in the tropics and midlatitudes (Figures 3i, 3k, and 8a) . At 20 km, CHBrC12 and CH2BrC1 decreased to <0.01 ppt and <0.08 ppt, respectively (Figures 8b and 8c). CH2Br 2 decreased by 90% or more (to <0.2  ppt) between the tropopause and 20 km in both the tropics and midlatitudes (Figures 3j and 31) . This loss was comparable to that observed by Kourtidis et al. [ 1996] from balloon samples.
Total Organic Bromine
The latitudinal distribution of total organic bromine from PEM Tropics samples reflects the combined distributions of the individual species. Larger mean mixing ratios were observed in the 5øS-25øN latitude range, although the one standard deviation error bars overlap across the entire latitudinal coverage (Figure  9a). The mean mixing ratio between 5øS and 25øN [ 1998] ). The greatest contribution to the variability of the mean values came from the short-lived species. We believe these measurements represent a reasonable range of values for use in stratospheric modeling studies that include bromine chemistry. We caution, however, that for a given convective event which originates over source regions, the amount of organic bromine introduced into the upper troposphere could be substantially greater as a result of the short-lived species (Figures 9b and 11 d) .
The July mixing ratios of total organic bromine at 20 km in the tropics and midlatitudes were 40% and 75%, respectively, of the tropopause values (Figures 9c and 9d) . The January mixing ratios in the tropics and midlatitudes were 38% and 85%, respectively, of the tropopause values (Figures 9e and 9f) . As mentioned previously, the higher loss in midlatitudes in January was presumably a result of greater downward transport in the winter midlatitudes.
The percent contribution to total organic bromine by a given species at a given time is dependent on altitude, latitude, and the presence or absence of a tropospheric temporal trend in mixing ratics.
Vertical distributions of the fractional contribution to total org,'mic bromine for the major species from the tropical and midlatitude STRAT samples are shown in Figure 10 . Methyl bromide represented 55-60% of total organic bromine above the tropopause in both the tropics and midlatitudes (Figure 10d) . Below the tropopause, CH3Br was 50-55% of the total. This reduction was due to the presence of additional species not usually present in stratospheric samples, i.e., CHBr 3, CHBr2C1, CHBrC12, and CH2BrC1. The fractional contribution to total organic bromine for CBrF 3 increased with altitude (Figure 10a ), while that of CBrC1F2 and CBrF2CBrF 2 decreased with altitude (Figures 10b and 10c ). This is a CBrF2CBrF 2. The differences in the fractional contributions for the halons between January and July at 20 km were due to sampling of older (more photochemically aged) air in January.
The lowest CFC 12 values observed in July were -380 ppt, while the lowest observed in January were -230 ppt.
In the tropical lower stratosphere the fractional contribution of CBrF 3 was 12-18%, while that of CBrC1F2 was 18-21% and that of CBrF2CBrF 2 was 4.5-5.5%. In the midlatitude lower stratosphere the fractional contribution to total organic bromine was 12-30% for CBrF 3, 10-19% for CBrC1F 2, and 2-5% for CBrF2CBrF 2. These values reflect the greater degree of photochemical aging in midlatitude air parcels relative to the tropics. In both the tropics and midlatitudes the fractional contribution to total organic bromine from CH2Br 2 decreased steadily between the tropopause and 20 km from -9% to -1% (Figure 10e) . The combined fractional contributions to total organic bromine in midlatitudes by CHBr3, CHBr2C1, CHBrC12, and CH2BrC1 from the STRAT samples decreased from -12% at the tropopause to 1% at 20 km (Figure 1 l a) . When CH2Br 2 is included, the STRAT short-lived species contribution to total organic bromine in the troposphere was consistent with the PEM Tropics measurements of-15% (Figures l lb and 11c) . It is important to note that the mixing ratio range of short-lived species at altitudes above 2 km from all PEM Tropics flights was of the order of 2-4 ppt (Figure 11d) . The corresponding fractional contributions to total organic bromine were between 10% and 25%. This is consistent with the variability observed in the STRAT tropospheric measurements discussed above. The measurements from both STRAT and PEM Tropics demonstrate the need to use at least ñ1 ppt uncertainty for total organic bromine when modeling the effects of bromine on stratospheric ozone depletion.
Tropospheric temporal trends in mixing ratios influence the percent contribution to total organic bromine by a given species over time. For example, in winter of 1991-1992 CH3Br was 60.6% of the total organic bromine at the 23øN tropopause, while in 1996 CH3Br was 52.3% of the total at 21-24'N (Table 5) . Figures 12a-12d) . None of the correlations are linear, which means that the fractional dissociation of these compounds is not uniform relative to the fractional dissociation of CClsF. Mixing ratios of the individual bromine compounds decreased between the tropopause and 20 km by differing amounts depending on the season and the stratospheric lifetime of the individual species. All compounds showed slightly higher loss in midlatitudes in January relative to July because of the greater degree of downward transport in midlatitudes in winter. The combined losses of the individual compounds resulted in a loss of total organic bromine between the tropopause and 20 km of 38% in the January tropics, 40% in the July tropics, 85% in January midlatitudes, and 75% in July midlatitudes.
The combined fractional contribution to total organic bromine in midlatitudes by CH2Br 2, CHBr 3, CH2BrC1, CHBrC12, and CHBr2C1 decreased from-30% near the surface to -15% at the tropopause. At 20 km the contribution decreased to <4%. Collectively, these compounds represent a significant contribution to tropospheric organic bromine. In the lower stratosphere, CH2Br2 is the greatest contributor from the shortlived species and represents from -9% of total organic bromine at the tropopause to <3% at 20 km. In addition, Ko et al. [1997] suggest that inorganic bromine from the tropospheric degradation of these short-lived species may be a significant source of bromine to the stratosphere. Based on the difference between tropical surface and tropopause values of total organic bromine, this source could be up to 5 ppt of bromine.
The fractional contribution to total organic bromine by CH3Br was 55-60% in the lower stratosphere in all samples. The fractional contribution decreased in the troposphere because of the enhanced contribution by short-lived species. At the tropical tropopause the contributions from the halons increased in 1996 relative to 1992, resulting in a decrease in the contribution from CH3Br.
The fractional halogen release of a given halocarbon relative to CC13F (FCx/FCcFc. l l) is an important term in calculations of ODP and equivalent effective stratospheric chlorine. Using correlations of the fractional halogen release of the halons and CH3Br (FCx) versus the fractional chlorine release of CC13F (FCcFC-ll), we calculated FCx/FCcFc. l l. We found that the FCx/FCcFc. l l values showed a latitudinal gradient with highest values in the tropics and lowest values in the 40ø-60øN latitude range for all species. We also found that FCx/FCcFc. l l decreased with increasing FCcFc_ 11, i.e., we observed the greatest fractional chlorine release of the halons and CH3Br at the lowest fractional chlorine release of CC13F.
We used the FCx/FCcFc. 11 values to calculate the ODP for each halon and CH3Br using a CC13F lifetime of 50 years and an at of 50.
